Glycosyltransferases are of growing importance in in vitro synthesis of oligosaccharides and modification of glycoproteins, and several expression systems for recombinant glycosyltransferases have been investigated. We have created gene libraries of human glycosyltransferases using the Gateway Ñ system, and each gene encoding the catalytic domain of the glycosyltransferase was expressed as a soluble enzyme using human embryonic kidney (HEK) 293T cells or yeast expression systems. In the case of the mammalian expression system, HEK293T transfectant cells successfully expressed most of the human glycosyltransferases. On the other hand, 23 glycosyltransferases were secreted into the culture media as active forms among 53 genes tested in the methylotrophic yeast Ogataea minuta. In a further study involving the optimization of the yeast expression system, we found that several factors, such as cultural conditions, chaperone activity in the host cells and truncation of the glycosyltransferase gene to be expressed were critical for high-level production. In the case of ST3Gal-I, optimization of each parameter caused a greater than 300-fold increase in the activity in the culture supernatant. Finally, the library of glycans or glycopeptides having various structures was synthesized by combination with glycosyltransferases from HEK293T cells. We also demonstrated the modification of various pyridylaminated N-glycan structures by sequential reactions with the recombinant enzymes from the yeast system. Our expression system for human glycosyltransferases may be applicable to the preparation of glycan arrays and the production of therapeutic glycoproteins with homogeneous glycans.
Glycosylation of proteins and lipids is the most complex of their various co translational and post translational modifications. Glycan modification contributes to the folding and conformational stability of many proteins, 1) and modified glycoproteins and glycolipids on the cell surface are known to act as ligands for host pathogen interactions, 2) cell adhesion and cell signaling. 3) These phenomena are influenced by changes in glycan structures. Since it is known that glycans on proteins and lipids are synthesized by sequential reactions by glycosyltransferases, the alteration of the glycan structure is dependent on the expression of glycan synthesis related genes encoding glycosyltransferases, sulfotransferases, glycosidases, sugar nucleotide synthetases, and sugar nucleotide transporters. Glycan structures are defined by not only the expression level of the genes but also several other factors, such as substrate specificity, competition of more than two glycosyltransferases for the same substrate, localization of glycosyltransferases, and concentration of donor substrate as sugar nucleotides in the Golgi apparatus. Therefore, the expression of glycosyltransferases and the determination of their enzymatic characterizations in detail are significant for the elucidation of the biosynthetic machinery of glycans.
In addition to basic study of glycosyltransferases, recombinant enzymes are available for the synthesis of glycans and glycopeptides and for the modification of gly-coproteins in vitro. In recent years, mass spectrometry, 4, 5) high performance liquid chromatography (HPLC), 6, 7) and lectin microarray systems 8, 9) have been developed for the structural analysis of glycans. A glycan library composed of a variety of structure defined glycans is indispensable for quantitative analyses using these technologies. Since human glycosyltransferases have a strict specificity toward donor and acceptor substrates, it is reasonable to employ in vitro synthesis of glycans by glycosyltransferases for producing glycan standards. Glycan array technology, and the ease with which the glycans can be customized for display, may enhance our ability to detect unknown lectins in mammals and to probe pathogen specific glycan interactions. 10, 11) Application of glycosyltransferases in other areas of interest includes the modification of glycans attached to glycoproteins, which has also become an important topic in recent years. Because biologics and biosimilar drugs such as therapeutic antibodies and cytokines are the largest class of new drug candidates being developed by pharmaceutical companies, there are strong concerns that the heterogeneity of the glycan structure may sometimes affect their in vivo activity. Therefore, the development of technology to produce glycoproteins with homogeneous glycans is essential.
In our research center, the Glycogene (GG) Project was started in 2001, in which as many novel genes as possible, which were the candidates for glycogenes including glycosyltransferases and sugar nucleotide transporters, were searched using bioinformatics technology, and then cloned and expressed in various expression systems. 12) At present, slightly fewer than 200 human glycogenes have been cloned and stocked in our center. We have expressed these genes using two host cells: a mammalian HEK293T cell for the efficient construction of glycan and glycopeptide libraries, and a methylotrophic yeast Ogataea minuta for the large scale production of glycosyltransferases. In this report, we review the expression and application of the human glycosyltransferases that we have studied.
Expression of glycosyltransferases in HEK293T cells.
Combined with the data of the GG project, 186 genes have been so far identified as glycogenes that encode glycosyltransferases and sugar nucleotide transporters. 12, 13) These genes have been cloned into the entry vector pENTR D TOPO (Invitrogen Japan KK., Tokyo, Japan). Certain glycosyltransferases encode the enzymes involved in the synthesis of lipid linked oligosaccharide intermediates in the lumen side of the endoplasmic reticulum (ER). Since these enzymes are generally multiple membrane spanning proteins and use dolichyl phosphate glucose and dolichyl phosphate mannose as a donor substrate, we removed these genes from the list of expression of glycosyltransferases for glycan synthesis in vitro. Most of the other genes encode Golgi resident glycosyltransferases that are transmembrane proteins with type II topology. 12) In order to express them in a soluble form into the medium, we created a truncated gene that encoded a catalytic domain of glycosyltransferase. Eventually, 141 truncated glycosyltransferase genes were cloned into the entry vector (Table 1 ).
Next, all truncated genes in the entry clones were re cloned into the mammalian destination vector, pFLAG CMV 1 or 3, by use of the LR recombination reaction. Each destination vector was transfected into HEK293T cells and the culture medium was collected after incubation at 37 C for 72 h. Anti FLAG antibody resin was then added to the culture medium and the resin was recovered and washed with buffer. The enzyme immobilized in the resin was used for the synthesis of glycans and glycopeptides. 14) To produce a glycan library simultaneously in a short time, a new synthetic approach has been developed ( Fig. 1 ), in which various glycan and glycopeptide structures are prepared by sequential and incomplete glycosyltransferase reactions in a single tube. 15) In the developed synthesis method, the initial substrate (glycan, peptide or glycopeptide) and donor substrate were incubated with a glycosyltransferase, and the reaction was stopped at 50% yield of the product. After stopping the reaction by heat, the next enzyme and donor substrate were added to the reaction mixture, in which both the 50% yield of the product and the resultant initial substrate became the acceptor substrate of the second glycosyltransferase reaction. Again, the second reaction was interrupted at the halfway point, and thus four different products were obtained. When the reaction was continued repeatedly, the number of glycans (or glycopeptides) was essentially doubled during each succeeding process. Of course, this strategy is not applicable for every glycosyltransferase. Since the variety of glycans (glycopeptides) in the library depends on the substrate specificity of the glycosyltransferase, the selection of enzymes, the reaction sequence, and the structure of the starting material are significant factors for the systematic construction of the libraries.
Combination of the incomplete reactions of glycosyl- Table 1 . A list of the glycosyltransferase genes cloned into the entry vectors.
Fuc T (11):  Fuc T1, T2, T3, T4, T5, T6, T7, T8, T9, POFUT1, POFUT2  Gal T(16):  β3Gal T1, T2, T3, T4, T5, T6, β4Gal T1, T2, T3, T4, T5, T6, T7, core1Gal T1, COSMC, B (ABO)  GlcNAc T(23):  β3Gn T2, T3, T4, T5, T6, T7, T8, MGAT1, 2, 3, 4a, 4b, 5, MFNG, RFNG, core2GnT1, 2, 3, IGnT1, 2, 3,  α4Gn T  GalNAc T(21):  ppGalNAc T1, T2, T3, T4, T5, T6, T7, T8, T9, T10, T12, T13, T14, T15, β3GalNAc T1, T2,  GALGT, GALGT2, β4GalNAc T3, T4, A (ABO)  Sia T(19):  ST3GalI, II, III, IV, V, VI, ST6GalI, II, ST6GalNAcI, II, III, IV, V, VI, ST8SiaI, II, III, IV, V, VI  GlcA T(3): GlcAT S, GlcAT P, GlcAT I (PG linkage) Glc T(1):
β3Glc T Heparin Chondroitin (11) By repeating incomplete glycosyltransferse reactions, i.e. by terminating each reaction halfway in a single tube, it was possible to achieve a diversity of glycans. These libraries are designed as molecular weight tagged libraries, i.e. each product has a different molecular weight in a single tube. Therefore, the structure of each component in the library can be identified immediately using mass spectrometry.
transferases allowed us to synthesize 300 kinds of O linked glycans on the peptides and 50 kinds of both N glycans and glycan chains of glycolipids to date. These structures contain sialylated and sulfated glycans and glycan epitopes, such as branching structures, Lewis structures, and antigens of the ABO blood group (Table 2) .
These synthesized glycans and glycopeptides have been used for several applications. One application is as a standard for the structural analyses by nuclear magnetic resonance, HPLC, lectin array, mass spectral analysis and so on. For example, Kameyama et al . reported a new mass technology based on the comparison of the signal intensity profiles of an observational multistage tandem mass (MS n ) between the analyte and a library of observational mass spectra built up by acquiring MS n spectra of structurally defined oligosaccharides prepared by glycosyltransferases. 16, 17) Next, molecular weight tagged glycopeptide libraries have been applied for the screening of ligand specificity for lectins by mass spectrometry. 15) In this screening system, specific glycopeptides are captured by immobilized lectin with an affinity for them; thus, the corresponding peak of the specific glycopeptides reduces on the mass spectrum. In fact, the specificity of jacalin to the ligands has been indicated by this system, in which it prefers linear O glycan structures such as Tn, core 1, and core 3 structures, but does not bind to branching O glycans like core 2 and core 4 structures.
Carbohydrate macromolecule interactions mediate a variety of biological processes such as inflammation and development. 18) In addition, many pathogens recognize glycans on the surface of host cells as a key step of infection. 19) As a consequence, it is very significant to determine the specificity of carbohydrate binding proteins, developing ligands that can be used to modulate their activity, and identifying new carbohydrate binding proteins. Our collaborators, Shirato et al ., reported the binding ability of Norovirus virus like particles (VLPs) to the histo blood group antigens (HBGAs) by enzyme linked immunosorbent assay (ELISA) based binding assays and Biacore analysis, in which biotinylated monovalent and multivalent glycans synthesized by glycosyltransferases were used. 20) In this paper, the attachment of 5 genotype I (GI) VLPs from 5 genotypes and 11 genotype II (GII) VLPs from 8 genotypes to 19 different glycans was analyzed to determine whether NoV distinguishes between type 1 and 2 chains of HBGAs. The results indicated that NoV VLPs distinguish between type 1 and 2 carbohydrates, and bind more tightly to the type 1 glycans than to the type 2 glycans. Interestingly, GII 4 VLP, which is known as a global epidemic genotype, binds to all 6 monovalent glycans (A , B and H antigens on type 1 or 2 glycan), suggesting that this characteristic may be linked with the worldwide transmission of GII 4 strains.
In conclusion, we have succeeded in expressing many glycosyltransferases in mammalian cells; these enzymes are useful for the synthesis of a variety of glycans and glycopeptides available for the evaluation of glycan structures and glycan functions.
Expression of glycosyltransferases in methylotrophic yeast cells.
As described above, the use of human glycosyltransferases as tools for glycan synthesis is a very attractive option because of their strict regioselectivity and stereospecificity; however, their application as industrial catalysts still awaits their availability in mass quantities. There appear to be several reasons for this. First, the stability of glycosyltransferases is believed to be lower than that of other proteins. In fact, the glycosyltransferases have a tendency to become inactivated by incubation at 37 C. The second reason is the cost of the reaction, in which the glycosyltransferase requires both donor and acceptor substrates. It is expensive to synthesize sugar nucleotides and glycosyltransferases, and to modify glycans from a cost effectiveness perspective, although most sugar nucleotides are commercially available from several companies. Another reason is that the industrial demand for glycosyltransferases has been very low until recently.
Several successful efforts at heterologous expression in alternative hosts, such as Escherichia coli, 21 23) fungi 24, 25) and insect cells, 26, 27) have been reported. However, only a few enzymes have been expressed on an industrial scale. In order to solve such problems, we attempted to establish a yeast expression system for the large scale production of a variety of human glycosyltransferases.
Methylotrophic yeasts have the ability to utilize methanol as the sole carbon source for growth; therefore, they can produce heterologous proteins with high productivity using methanol inducible promoters. Protein expression systems have been established in four species of methylotrophic yeasts, Candida boidinii, Hansenula polymorpha, Pichia pastoris and P. methanolica; however these are already patented. 28) Thus, we have chosen a new methylotrophic yeast strain, O. minuta, 28) to create a good host to produce heterologous proteins with high productivity, and have reported the construction of the host vector system and successful expression of several human glycoproteins in O. minuta. 29 32) In the first attempt, 53 among 141 truncated glycosyltransferase genes cloned into the entry vector were chosen for expression. The genes were re cloned into the O. minuta destination vector, pOMEA1 HisFLAG, by LR clonase. Each destination vector was used for the transformation of O. minuta TK5 3 strains, and the transformants were selected by adenine auxotrophy. As the gene was integrated into the genome DNA, introduction of the genes was confirmed by genomic PCR with specific primers for each glycosyltransferase gene. After each transformant was cultured in methanol inducing medium, the expression of glycosyltransferase was checked by western blotting and measurement of the activity. Among the 53 genes tested, 23 glycosyltransferases were secreted into the culture media as active forms although the activities did not reach an industrial scale ( Table 3 ). One characteristic of the expression pattern is that fucosyltransferases were expressed satisfactorily. On the other hand, galactosyltransferases and N acetylglucosaminyltransferases are not well established in O. minuta, although the reason for the same remains unclear.
In a further study involving the optimization of glycosyltransferase expression, we investigated several factors affecting the expression level of glycosyltransferases, and alpha 2,3 sialyltransferase (ST3Gal) I 33) was chosen as an expression model of glycosyltransferase. First, we found that cultural conditions were significant for expression of ST3GalI. For example, addition of casamino acid to the medium caused a 2 fold increase in the activity (Fig. 2) . Reducing the temperature from 30 C to 20 C was also very effective in increasing the expression in O. minuta.
The use of a protease deficient host led to 3 fold increased production compared to that by the TK5 3 strain. The introduction of protein disulfide isomerase (PDI), known as one of the chaperones that catalyze the formation and breakage of disulfide bonds between cysteine residues within proteins in the endoplasmic reticulum, into the host cells also increased ST3GalI activity, although the expression level of the protein was not changed according to western blotting data (manuscript in preparation). These results indicated that a part of the expressed ST3GalI is misfolded or all ST3GalI proteins are partly misfolded, which causes a decrease in the specific activity of ST3GalI expressed by O. minuta cells without the overexpression of PDI. Overall, the optimization of each parameter caused a greater than 300 fold increase in the activity in the culture supernatant in the case of ST3GalI.
Truncation of the stem region of glycosyltransferases was critical for high level production. Most glycosyltransferases are composed of a short cytoplasmic tail in the N terminus and transmembrane domain, followed by the stem region and catalytic domain containing a DXD or DXH motif responsible for binding of the divalent cation 12) . The stem region is flexible and appears to be unstable during expression in O. minuta. We designed two expression vectors for the β 1,6 N acetylglucosaminyltransferase V (MGAT5) gene 34) in O. minuta; one gene encodes both the stem region and the catalytic region (∆32) while the other encodes only a catalytic region (∆188). 35) Western blotting showed higher expression of MGAT5∆188 than MGAT5∆96, and the obvious activity of MGAT5 was confirmed in the culture medium of MGAT5∆188, whereas MGAT5∆32 culture medium gave no activity. The results indicate that truncation of the stem region is effective for both secretion of the protein and stability against proteases.
Since a certain amount of glycosyltransferases could be obtained, we demonstrated the synthesis of asialo tetraantennary type N glycan by sequential reactions using the recombinant enzymes. We prepared three kinds of glycosyltransferases as follows: β 1,4 N acetylglucosaminyltransferase IVa (MGAT4a), 36, 37) MGAT5 and β 1,4 galactosyltransferase I (β4Gal T1) 38) by culturing in a jar fermenter. First, MGAT4a and or MGAT5 were incubated with 2 aminopyridine (PA) labeled agalacto biantennary type glycan (PA Sugar Chain 012; Takara Bio Inc.) and UDP GlcNAc at 37 C, and each reaction condition was determined by monitoring the product on HPLC. The structure of each product was confirmed by comparison with authentic samples and by MALDI TOF MS analysis. Next, the product of MGAT4a and MGAT5 was incubated with β4Gal T1 and UDP Gal. The position of the product peak corresponded to that of the authentic sample, i.e., asialo tetraantennary type glycan (PA Sugar Chain 004; Takara Bio Inc.). Another example is the sialylation of the glycopeptide, PLAG T I, in which the PLAG domain of human podoplanin with core 1 type O glycan was modified by recombinant ST3GalI. 39) HPLC and MS analysis data indicated that sialyl core 1 structure was created on the PLAG domain without degradation of the PLAG peptide. Taken together, our data demonstrate that the yeast system provides valuable tools for the pro- Bold indicates the glycosyltransferases expressed after optimization of several factors for high level production (see text). The yeast cells were cultivated in YPD (2% peptone, 1% yeast extract, 2% glucose) medium, followed by changing to each medium as described. Asialo GM1 tetrasaccharide PA (TakaraBio) was used as the acceptor substrate. Lane 1, BMMY (2% peptone, 1% yeast extract, 1.34% yeast nitrogen base, 1% methanol in 0.1 M potassium phosphate buffer (pH 6.0)) medium; lane 2, BMMY medium containing 2% casamino acid; lane 3, BMM (1.34% yeast nitrogen base, 1% methanol in 0.1 M potassium phosphate buffer (pH 6.0)) medium; lane 4, BMM medium containing 1% casamino acid. duction of novel glycans and the modification of glycopeptides.
Conclusion.
Applications of glycans, glycopeptides and glycoproteins are now extremely diverse. Previously, chemical synthesis was the first choice for the large scale synthesis of glycans. However, the chemical synthesis of various glycans requires great effort and appears to be beyond any reasonable cost benefit ratio. We have succeeded in producing a variety of human glycosyltransferases by both mammalian and yeast systems; the former is useful for the preparation of glycan libraries, while the latter helps in the large scale production of glycans and modification of glycoconjugates. We have studied another approach, i.e., the in vivo creation of human type glycoconjugates in yeast cells by disruption of yeast specific glycosyltransferase genes and the introduction of glycosyltransferase genes required for production of mammalian type glycans. The combination of our technologies may provide us a wider variety of glycans and glycoconjugates, which would lead to further progress in glycoscience and glycotechnology. 
